Embryogenesis
Introduction
The growth arrest and DNA damage inducible protein 45 (Gadd45) family is comprised of small stress inducible acidic nuclear proteins belonging to the L7Ae/L30e/S12e RNA binding protein superfamily (Fornace et al., 1988; Bateman et al., 2004; Zhan et al., 1994) . The three family members Gadd45a, Gadd45b and Gadd45g are implicated in diverse processes such as cell cycle control, apoptosis, DNA repair and DNA demethylation (Barreto et al., 2007; Hollander and Fornace, 2002; Sheikh et al., 2000; Zhan, 2005) . Gadd45 proteins lack obvious enzymatic activity and exert their function by interaction with many effectors such as cdc2/Cyclin B1 (Vairapandi et al., 2002; Zhan et al., 1999) , PCNA (Azam et al., 2001; Vairapandi et al., 2000) , p21 (Kearsey et al., 1995) , nuclear hormone receptor (Yi et al., 2000) , MEKK4 (Chi et al., 2004; Takekawa and Saito, 1998) , histones , AID (Rai et al., 2008) , XPG (Barreto et al., 2007) and TAF12 (Schmitz et al., 2009) . Their role in tumor-and autoimmune suppression and UV response is well characterized in cultured cells and adult mice (Bulavin et al., 2003; Hollander et al., 1999; Liebermann and Hoffman, 2002; Liu et al., 2005; Papathanasiou et al., 1991; Smith et al., 2000; Zhan, 2005) . However, much less is known about their role during vertebrate embryonic development.
In mouse Gadd45a mutants exhibit exencephaly at a low penetrance, similar to tp53 À/À mice (Hollander et al., 1999) .
Gadd45b
À/À mutants exhibit mildly decreased bone growth, demonstrating its role during chondrocyte terminal differentiation (Ijiri et al., 2005) . obvious malformations (Hoffmeyer et al., 2001) . In zebrafish two Gadd45b homologs have been identified which are expressed periodically in the anterior presomitic mesoderm, where they regulate somitogenesis (Kawahara et al., 2005) . Furthermore, Gadd45a may be involved in neural development, possibly by promoting DNA demethylation of pro-neural genes (Rai et al., 2008) . In chicken embryos Gadd45b and Gadd45g regulate neural progenitor proliferation via MAPKactivation (Sheng et al., 2010) . Also in medaka fish (Oryzias latipes) Gadd45g is required for neural differentiation by regulating cell cycle exit in primary neuron precursors (Candal et al., 2004) . Similarly, in P19 cells Gadd45g overexpression induces a neuronal-like phenotype (Huang et al., 2010) . In Xenopus embryos only Gadd45g has been described (de la Calle-Mustienes et al., 2002) but its role and that of the other family members in frog is unclear. Here we identify the Xenopus Gadd45b homolog, compare Gadd45a, Gadd45b and Gadd45g expression during Xenopus embryogenesis and characterize their gain and loss of function phenotypes. Our results suggest that Gadd45b is dispensable during frog embryonic development, while Gadd45a and Gadd45g act redundantly to regulate cell proliferation and to mediate exit of cells from pluripotency and enter cell differentiation.
Results

Identification of Xenopus Gadd45b
Of the three mammalian Gadd45 genes, the Xenopus Gadd45a and Gadd45g homologs have been previously cloned (Barreto et al., 2007; de la Calle-Mustienes et al., 2002) , while a Gadd45b has not been annotated in frog. Database searches retrieved a putative Xenopus tropicalis Gadd45b homolog, which shares 62% identity with the human protein (Fig. 1A) . Multiple alignment of predicted full-length amino acid sequences of Gadd45b from X. laevis (xla), X. tropicalis (xtr), human (h), mouse (m) and zebrafish (z). Conserved residues in at least five sequences or in at least three sequences are highlighted in black and gray, respectively. (B) Phylogenetic tree of vertebrate Gadd45a, Gadd45b and Gadd45g genes based on the average distance using % identity (ClustalW). Subsequently we identified two almost identical Xenopus laevis ESTs closely related to the X. tropicalis Gadd45b sequence. The X. laevis sequences were confirmed by cloning and sequencing and deposited in GenBank as X. laevis Gadd45b (JN408501). Assignment of X. laevis Gadd45b sequence to the Gadd45 family was based on sequence-and phylogenetic tree analysis of the predicted amino acid sequences compared to that of selected vertebrate species (Fig. 1B) . The analysis confirmed that these Xenopus proteins represent homologs of mammalian Gadd45b. However, compared to other vertebrate Gadd45 members, Xenopus Gadd45b proteins are the most divergent. For example, at the amino acid level X. laevis Gadd45b shares 59% and 56% identity with human and mouse Gadd45b, respectively, while X. laevis Gadd45a and X. laevis Gadd45g share over 70% identity to their respective orthologs in mouse or human.
2.2.
Dynamic and differential expression of Gadd45a, Gadd45b and Gadd45g during Xenopus development
The temporal expression patterns of the three Gadd45 genes, analyzed by qPCR, were dynamic and differential ( Fig. 2A-C) . In Xenopus Gadd45a and Gadd45b were weakly expressed maternally, while Gadd45g was only detectable after the onset of zygotic expression (stage 10.5) and increased until it reached a plateau at neurula stage (stage 18) ( Fig. 2A-C) . Expression of Gadd45a peaked at gastrula (stage 10.5-12.5), and then dropped continuously until tadpole stage (stage 32). In contrast, Gadd45b expression was barely detectable at early gastrula stage (stage 10.5) but rapidly increased from late gastrula on until it reached plateau at neurula. Comparison of the relative transcript levels at stage 32 showed that Gadd45b expression was much lower than Gadd45a or Gadd45g expression (Fig. 2D) , as confirmed by whole mount in situ hybridization.
We also analyzed the expression patterns of Gadd45 genes in X. laevis by whole mount in situ hybridization ( Fig. 2E-S) . Gadd45a was expressed maternally in the animal pole in X. laevis embryos (data not shown) and at gastrula was expressed homogenously in the ectoderm and mesoderm (Fig. 2E and F) . At neurula stage Gadd45a continued to be expressed in the ectoderm and neuroectoderm (Fig. 2G and H) with highest Gadd45a expression in the cement gland and in somitic mesoderm as revealed by transverse sections and comparison to myf5 ( Fig. 2M and O). At tadpole stage Gadd45a was ubiquitously expressed with maximum expression in the proctodeum, pronephros and pronephric tube (Fig. 2Q) . The prominent muscle expression of Gadd45a in neurulae has completely ceased in tadpoles, when somites are postmitotic.
Gadd45b was expressed ubiquitously in the ectoderm from late gastrula (data not shown) to neurula stage (Fig. 2I) . Notably the detection of Gadd45b expression by whole mount in situ hybridization required a five times higher probe concentration and longer chromogenic reaction time than detection of the other two Gadd45 genes, reflecting the low expression of Gadd45b observed in Fig. 2D . However, the ubiquitous expression proves to be specific, when compared to sense control probe treated siblings (Fig. 2J ). Gadd45b expression at tadpole occurred in head mesenchyme and neural tube (Fig. 2R) .
Gadd45g was first expressed in the dorsal blastopore lip (not shown), as previously described (de la Calle-Mustienes et al., 2002) . In neurulae it was detected in primary neuron precursors, as seen in transverse sections and in comparison to sox3 ( Fig. 2N and P). In addition Gadd45g was also expressed in the trigeminal placode and in the heart field ( Fig. 2K and L) , where it continued to be expressed until tadpole stage and Table 1 -Summary of Gadd45a, Gadd45b and Gadd45g tissue expression during Xenopus development. ''+++'' gene strongly expressed in the corresponding tissue; ''++'' moderately expressed; ''+'' weakly expressed.
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Pleiotropic phenotype of Gadd45 overexpression and knock down
To address the function of Gadd45 genes during Xenopus development we next analyzed the overexpression and antisense Morpholino (MO) knock down phenotypes of the different family members (Fig. 3A-I ). Gadd45a mRNA injection caused diverse phenotypes including shortened or bent embryos, reduced pigmentation, head defects, developmental retardation and gastrulation defects ( Fig. 3B and I ). Gadd45b mRNA injection had little effect at the doses employed ( Fig. 3C and I ). Gadd45g overexpression in Xenopus embryos was already described (de la Calle-Mustienes et al., 2002) and we could confirm the induction of gastrulation defects at high mRNA doses. Lower doses of Gadd45g mRNA caused milder gastrulation defects, with shortened axes and head defects ( Fig. 3D and I ).
Antisense MO were designed which target the start codons of Xenopus Gadd45 genes. Gadd45a MO caused pleiotropic phenotypes similar to its overexpression ( Fig. 3F and  I ). Two independent Gadd45b MOs showed no significant effect on embryonic development even at high doses, consistent with the low expression levels of the gene ( Fig. 3G and I ). Gadd45g MO produced similarly pleiotropic, albeit milder phenotypes as Gadd45a MO (Fig. 3H and I ). Previously de la Calle-Mustienes et al. (2002) failed to observe any malformation when injecting a Gadd45g MO, but the MO employed apparently contained three non-matching bases compared to sequence AJ414384 and was used at lower dose.
Attempts to phenotypically rescue the individual Gadd45a or Gadd45g Morphants by mRNA injection failed, but the combined effects of Gadd45a and Gadd45g MO could be rescued by human Gadd45ag (see below). This could be due to compensation by induction of Gadd45 genes, which are stress inducible Takekawa and Saito, 1998; Zhan, 2005) . Indeed, the single MOs induce Gadd45a and Gadd45g transcripts (Fig. 3J) . Notably, coinjection of Gadd45a and Gadd45g MO potently induced Gadd45a and Gadd45g expression. 
2.4.
Gadd45a and Gadd45g act redundantly and are required for cell proliferation Due to the compensatory autoregulation of Gadd45 genes we further analyzed Gadd45a and Gadd45g double Morphants (Gadd45ag MO). Gadd45ag MO caused stronger pleiotropic malformations than injection of similar doses of the single MOs (Fig. 4A, B, and E) . Importantly, Gadd45ag Morphants were rescued by injection of a mixture of hGadd45a and hGadd45g mRNAs at doses where on their own they had no phenotypic effect (Fig. 4C-E) .
Gadd45 proteins can induce growth arrest in various cell lines Smith et al., 1994; Takekawa and Saito, 1998; Vairapandi et al., 2002; Zhan et al., 1999) . In Xenopus and medaka fish Gadd45g overexpression also inhibits cell proliferation (Candal et al., 2004; de la Calle-Mustienes et al., 2002) . We therefore investigated the effect of Gadd45a and Gadd45g overexpression and knock down on cell proliferation by phospho-Histone 3 immunostaining in neurula embryos. As expected Gadd45a and Gadd45g mRNA injection inhibited cell proliferation (data not shown). In Gadd45ag Morphants cell proliferation was also strongly reduced, which is most notable in anterior neuroectoderm (Fig. 4F , G, and J), where embryonic cell proliferation is highest at neurula stage (Hardcastle and Papalopulu, 2000; Saka and Smith, 2001) . The inhibition of proliferation in Gadd45ag Morphants was fully rescued by coinjection of low amounts of hGadd45ag mRNA, attesting to Morpholino specificity (Fig. 4H, I , and J).
Consistent with reduced cell proliferation we observed an upregulation of the cell cycle inhibitors p21 (cdkn1a), p15 (cdkn2b) and cyclin G1 (ccng1) (el-Deiry et al., 1993; Gu et al., 1993; Hannon and Beach, 1994; Harper et al., 1993; Smith et al., 1997; Tamura et al., 1993; Xiong et al., 1993; Zhang et al., 1993) and the tumor suppressor and growth arrest gene tp53 (Amundson et al., 1998; Donehower et al., 1992; Kastan et al., 1992; Macleod et al., 1995; Okamoto and Beach, 1994; Sah et al., 1995) . Coinjection of hGadd45ag mRNAs repressed this induction, again attesting to the specificity of the Morpholino effect (Fig. 4K) . 
2.5.
Requirement of Gadd45a and Gadd45g for developmental gene expression
Marker gene analysis in Gadd45ag double Morphants revealed decreased expression in neurulae (stage 18) of the mesodermal markers Xbra and myoD1, the neural crest markers snail2 (slug) and sox10, and the pan neural marker sox3 (Fig. 5A) . Coinjection of low amounts of hGadd45ag mRNAs again rescued the expression of the analyzed genes. The sox10 repression by Gadd45ag MO appeared to be a direct effect on neural crest, as revealed by targeted injection of MO with lineage tracer into prospective neuroectoderm and sox10 in situ hybridization analysis (Fig. 5B-E) .
A more comprehensive marker gene expression analysis in Gadd45ag double Morphants revealed an upregulation of genes involved in maintenance of multipotency, including oct25, oct60, oct90 and klf4 (Hong et al., 2009; Morrison and Brickman, 2006; Takahashi and Yamanaka, 2006) (Fig. 5F ). Furthermore, the early organizer genes chordin and siamois and early endodermal genes VegT, mixer and gata4 were upregulated in the Gadd45ag double Morphants (Fig. 5F) . In contrast, a number of other brain, epidermal, hematopoietic and endodermal differentiation markers remained unaffected in Gadd45ag double Morphants as well as by hGadd45ag mRNA overexpression (Fig. 5G) , indicating specificity of the observed effects.
An additional group of genes induced upon Gadd45ag MO injection comprises the FGF related genes FGF2, FGF-R2 and FGF-BP3 (Fig. 5H) . FGF induces Xbra (Bö ttcher and Niehrs, 2005; LaBonne et al., 1995) , and Xbra is downregulated in Gadd45ag Morphants. This raised the possibility that Gadd45ag Morpholinos block FGF signaling, and that in turn FGF gene induction in the Morphants may be a compensatory response. However, FGF8 mediated induction of Xbra expression in X. tropicalis animal caps was not inhibited by Gadd45ag MO, but by dominant negative FGF receptor (XFD, Amaya et al., 1991) (Fig. 5I) .
Discussion
In this study we present the first systematic expression and functional characterization of all three Gadd45 genes during vertebrate development. In Xenopus embryos Gadd45a is the most widely expressed, while Gadd45g shows more restricted expression pattern. We provide evidence that Gadd45a and Gadd45g genes act redundantly during Xenopus development. In contrast, Gadd45b is expressed only at very low levels and its Morpholino knock down yields no obvious developmental defects, including in somitogenesis, where zebrafish gadd45b genes play a role during presomitic mesoderm formation (Kawahara et al., 2005) . While Gadd45a and Gadd45g single knock down yield only mild defects, their simultaneous inhibition induces reduced embryonic axes and head defects. Consistent with their redundant function, we observe that Gadd45g expression is increased in Gadd45a Morphants and notably in double Morphants both genes are strongly induced, indicating compensatory autoregulation. This autoinduction of Gadd45 genes in the single Morphants may represent an overexpression situation. This is supported by the fact that Gadd45ag mRNA overexpression effects show a similar trend as the knock down (Figs. 3A-H, 4K , and 5A and F). Indeed we observed that coinjecting slightly higher hGadd45ag mRNA doses than shown here aggravated the MO effects (data not shown).
Apart from the more general effects on cell growth, we find that neural differentiation defects are notable in the Gadd45ag Morphants, consistent with previous findings concerning a role of Gadd45 in neural differentiation in vertebrates (Candal et al., 2004; de la Calle-Mustienes et al., 2002; Huang et al., 2010; Ma et al., 2009a; Rai et al., 2008; Sheng et al., 2010) . Xenopus Gadd45g is expressed in the primary neuron precursors, which are destined for exit of the cell cycle and terminal differentiation. Gadd45g expression is activated by pro-neural genes, such as nrgn1 and repressed by Notch signaling (de la Calle-Mustienes et al., 2002) . Overexpression of Gadd45g induces cell cycle arrest in Xenopus, as well as in medaka fish embryos (Candal et al., 2004) . We show that Gadd45 underexpression yields a similar effect, with reduced cell proliferation in the neural plate and induction of cell cycle inhibitors in Gadd45ag Morphants. Since both Gadd45 over-and underexpression reduce cell proliferation this indicates a critical role of these proteins for neural cell cycle progression. Gadd45 proteins interact with a number of cell cycle regulators, which could be involved in this context, including p21, proliferating cell nuclear antigen PCNA and Cdc2 (Azam et al., 2001; Kearsey et al., 1995; Vairapandi et al., 2000 Vairapandi et al., , 2002 Zhan et al., 1999) . Our results also reveal a role for Gadd45 in neural cell fate determination, because in Gadd45ag Morphants we observe reduction notably of neural crest markers, while on the other hand, brain markers such as en2 and krox20 were unaffected.
In contrast, we find that multipotency markers are upregulated in Gadd45ag Morphants, including Xenopus oct genes and markers transiently expressed in gastrulae, such as siamois, mixer and VegT, apparently at the expense of mesodermal markers, such as Xbra and myoD1, which are reduced. This suggests that Gadd45ag are required for the progression from multipotent precursors to differentiated cells in Xenopus. This would be consistent with the tenet that Gadd45 genes generally are involved in promoting differentiation processes (Hoffmeyer et al., 2001; Ijiri et al., 2005; Ma et al., 2009b; Rai et al., 2008; Sheng et al., 2010) .
In the future it will be important to analyze the mechanism whereby Gadd45 acts in early Xenopus development to regulate cell proliferation and differentiation. Gadd45 has multiple modes of action, which will need to be analyzed, e.g. in MAPK signaling, p53-and p21 signaling, as well as epigenetic DNA demethylation.
4.
Experimental procedures
Cloning and sequencing of X. laevis Gadd45b
Ensembl bioinformatic analysis (www.ensembl.com) comparing the X. tropicalis genome (JGI 4.1) with human and mouse Gadd45b sequences (NM_015675 and NM_008655, respectively) identified a presumptive X. tropicalis Gadd45b ortholog (ENSXETT00000008029). The same sequence was identified using the NCBI BLAST platform (www.ncbi.nlm.-nih.gov/genbank/). This sequence was used to blast in NBCI X. laevis trace archive for homologs of the mammalian Gadd45b. Two ESTs (DT070325, DT070441) with identical ORF sequences were found, which shared 88% identity with the xtrGadd45b-like nucleotide sequence. The ORF of the putative X. laevis Gadd45b was amplified from a stage 20 cDNA library with Expand High Fidelity PCR System (Roche) and cloned into pCR2.1 (Origial TA Cloning Kit, Invitrogen) according to manufacturer's instructions. Sequences were verified and deposited into GenBank as xlGadd45b (JN408501).
Molecular phylogeny
Multiple sequence alignments of Gadd45b amino acid sequences were performed using ClustalW (Thompson et al., 1994) . The phylogenetic tree was constructed based on the average distance using % identity at the EMBL-EBI interface (http://www.ebi.ac.uk/Tools/clustalW/) with: human Gadd45a, -b and -g (NP_001915, NP_056490, NP_006696), mouse Gadd45a, -b and -g (NP_031862, NP_032681, NP_035947), zebrafish Gadd45a, -b and -g (AAU14810, AAH95628, AAU14811), X. laevis Gadd45a, -b and -g (AAH44046, DT070325, CAC88862) and X. tropicalis Gadd45a, -b and -g (AAI21533, XP_002941163, AAH75545).
4.3.
Morpholino antisense oligonucleotides and Gadd45 mRNA constructs
Morpholino antisense oligonucleotides (MO) were designed targeting Gadd45 X. laevis and X. tropicalis start codons, as indicated in Table 2 .
The control Morpholino (co MO) was the standard control Morpholino oligo designed by Gene Tools, LLC. 
Embryos and explants
X. laevis and X. tropicalis were obtained from Nasco. In vitro fertilization, embryo and explant culture, microinjection and staging of Xenopus were essentially carried out as described (Gawantka et al., 1995) . Unless indicated otherwise embryos were injected four times equatorially at the 2-4 cell stage with a total volume of 10 nl per embryo. For single MO injection a total of 20 ng per embryo was injected. For Gadd45ag double knock down, embryos were injected with a mixture of 10 ng Gadd45a MO and 20 ng Gadd45g MO. For rescue experiments a mixture of 0.2 ng hGadd45a and 0.1 ng hGadd45g mRNA per embryo was coinjected with the Morpholinos. For overexpression purposes hGadd45ag mRNAs were injected at 1.2 ng hGadd45a and 0.2 ng hGadd45g ( Fig. 5F and G) . The total amount of injected Morpholino (30 ng) and mRNAs (1.3 ng) was kept constant by addition of co MO and GFP mRNA, respectively. For unilateral injections the injected volume and doses were reduced accordingly. In animal cap experiments embryos were coinjected animally with 400 pg FGF8 and 2 ng XFD mRNA (Amaya et al., 1991) , as indicated, or equal amounts of GFP mRNA as control.
4.5.
Quantitative real-time PCR (qPCR)
Total RNA was extracted from five Xenopus embryos or ten animal caps per stage and sample, respectively, using Trizol (Invitrogen) according to standard protocols. cDNA was synthesized with Superscript II reverse transcriptase and random primers (Invitrogen) according to manufacturer's instructions. Quantitative real-time PCR was carried out on a LightCycler480 using Universal ProbeLibrary System (Roche Diagnostics) according to the manufacturer's instructions. Primers were designed for each gene using the Universal ProbeLibrary Assay Design Center (http://www.rocheapplied-science.com/) choosing intron spanning assays. The primers and probes used are described in Supplementary material.
For expression analysis the relative transcript amount was calculated and normalized to the level of GAPDH. All expression data represent the mean ± SD of three independent experiments. Relative Gadd45 transcript levels in stage 32 Xenopus embryos were calculated using the respective primer efficiencies (E) and the raw Cp values: Whole mount in situ hybridization of Xenopus embryos was carried out as described (Bradley et al., 1996) . Some Xenopus embryos where dissected prior to hybridization. For lineage tracing, lacZ mRNA (100 pg per blastomer) was coinjected and b-galactosidase staining was performed as described (Sive et al., 2000) , using blue (X-Gal) or red (Magenta-Gal) substrate as indicated. Whole mount Xenopus immunostaining was carried out using rabbit polyclonal anti-phospho(Ser10)-Histone 3 from Upstate Biotechnology essentially as described (Sive et al., 2000) .
Embryos were photographed using a Nikon SMZ1500 stereomicroscope and 3CCD Color Video Camera (Sony DXC-930P) and processed using Adobe Photoshop 7.0 (Adobe Systems Inc.). 
